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ABSTRACT 
Asphalt concrete has three constituents: aggregate, asphalt binder and air voids. 
In the mixture, aggregates serve as a skeleton of the mixture; asphalt serves as a binder to 
hold the aggregates together; and air voids prevent asphalt concrete from bleeding to avoid 
plastic mixes. The properties of asphalt concrete are controlled by the interaction of these 
three components. 
In asphalt concrete, asphalt binder, voids and aggregates are not uniformly 
distributed. The local volume fractions of these constituents vary with spatial locations. As 
a result, there exist a spatial gradient of the local volume fractions between two locations. 
Due to the inhomogeneous distribution of the volumes of the constituents, the effective 
properties such as the modulus also vary with spatial locations, resulting in the stress 
concentration or strain localization. The purpose of this study is to make a preparation for 
modeling asphalt concrete in the continuum scheme by developing methods to quantify 
the local volume fractions of voids and the spatial gradients of the local volume fractions.  
X-ray tomography images were used to characterize the local volume fractions of 
voids and their gradients. By using Image-Pro Plus software as a platform, automated 
macros were developed to obtain the distribution of local volume fractions of voids as well 
as the gradients of local volume fractions. Statistical analysis of the experimental results 
shows that the field performance of the mixture is related to the mean local volume 
fractions of voids and their gradients. It may be concluded that local volume fraction and 
its gradient might be good field variables to characterize the internal structure of asphalt 
concrete. The experimental results are consistent with the predictions of several theories 
that use local volume fraction and the gradient of local volume fraction as field variables, 
and the field performance of the three mixes studied.  
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CHAPTER 1.  INTRODUCTION 
Asphalt concrete is a heterogeneous material. There are many factors that 
affect its properties. As a mixture of asphalt binder, aggregates, and voids, the 
microstructure of asphalt concrete is very complicated. The microstructure of asphalt 
concrete is related to the gradation of aggregates, the orientation and number of contacts of 
aggregate particles, the properties of aggregate-binder interface, the void size distribution, 
and the interconnectivity of voids. As a result, the properties of asphalt concrete are very 
complicated and cannot be modeled simply. However, the properties of its components are 
relatively much less complicated and easier to characterize. For example, aggregates can 
be considered as linear elastic; asphalt binder can be considered as 
viscoelastic/viscoplastic; and the resistance from air voids is negligible. Therefore, if the 
microstructure of asphalt concrete can be obtained, its properties can be modeled using the 
properties of its components and its microstructure. Distribution of voids in the mixture is 
one of the factors that affect its properties. The distribution of voids in the mixture is 
non-uniform and the effective properties of the mixture may change with this non-uniform 
distribution. Quantification of the local volume fraction of voids and the gradient of local 
volume fraction may provide quantities that are related to the field performance. We might 
then use these quantities to model the mechanical behaviors of asphalt concrete.  
There are four theories that use local volume fractions of constituents and their 
gradients as field variables: continuum mixture theory, material force mechanics, 
micro-mechanics theory and continuum theory for granular materials.  From the point of 
view of these theories, local volume fraction and the gradient of local volume fraction may 
serve as an appropriate parameter related to performance of the material.  
Local volume fraction had been quantified by Kuol [1998] based on serial 
section and stereology principles. No true 3D technique has been used to quantify this 
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parameter for pavement materials due to the tremendous work needed for serial sectioning. 
In addition, no method to quantify the gradient of local volume fraction has been 
developed so far. 
In recent years, X-ray Computerized Tomography (XCT) has become a reliable 
tool in obtaining the microstructure of asphalt concrete. It has a unique advantage in that it 
is non-destructive. This technique and other microstructure characterization interpretation 
techniques such as stereology, in conjunction with numerical techniques such as Finite 
Element Method (FEM) and/or Discrete Element Method (DEM), present promising 
perspectives to directly use the microstructure of asphalt concrete and the properties of its 
components to compute the effective properties of asphalt concrete, to simulate the Simple 
Performance Test and Simulative Tests, and to predict their behavior. As a matter of fact, 
research activities in micromechnics and microstructure characterization have increased 
tremendously in recent years especially after the leadership program of the Simulation, 
Imaging and Mechanics of Asphalt Pavement (SIMAP) at Federal Highway 
Administration (FHWA). In this study, X-ray tomography imaging technique was used to 
obtain the images of the internal structure of asphalt concrete specimens. Image processing 
and analysis were used to quantify the local volume fraction and its gradient. 
The thesis consists of six chapters. Chapter One is the introduction of the thesis. 
Chapter Two presents a brief literature review. Chapter Three describes the four theories 
that use local volume fraction and its gradient as field variables. Chapter Four describes 
the background of X-ray tomography imaging and image analysis. Chapter Five presents 
the results of the analysis and comparison of the three mixes studied. Chapter Six is the 
conclusions and recommendations of this study. 
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CHAPTER 2. LITERATURE REVIEW 
Asphalt concrete has been used as a highway construction material for more than 
a century. The volume fractions of these three components in the mixture vary with spatial 
locations. Therefore, there exist spatial gradients of local volume fractions in the mixture. 
The spatial gradient will cause inhomogeneity-induced material forces, which affects 
stress concentration and strain localization. From this point of view, local volume fractions 
and their spatial gradients are important parameters in the study of the microstructure of 
asphalt concrete.   
2.1 Theoretical Background   
There are four theories that relate the local volume fraction and its gradient for 
inhomogeneous materials to the stress and strain relation: continuum mixture theory, 
continuum theory for granular materials, material force mechanics and micro-mechanics 
theory. The following is a brief description of these theories. 
2.1.1 Continuum Mixture Theory  
Continuum mixture theory considers the motions of the particles in the space as 
continuous and invertible. In every instant time, there is one particle that occupies every 
point of the space. In Krishnan and Rao’s study [2000], asphalt concrete was modeled as a 
mixture of three phases: aggregate matrix, asphalt binder and air voids. The properties of 
asphalt concrete depend on the interaction among these three components. However, the 
theories that Kotter [1903]and Sokolovskii [1965] presented for granular materials didn’t 
consider the two phases of granular materials. Thus, the results that these theories yielded 
are independent of the void distribution. In fact, void distribution plays an important role 
in forming the properties of granular materials. 
Goodman and Cowin’s continuum theory for granular material [1971] is different 
from Krishnan and Rao’s continuum mixture theory [2000]. In Goodman and Cowin’s 
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theory, one of the premises is that the mass distribution of the constituents must be related 
to the distribution of the volume of the constituents. For granular materials, the 
measurement of mass is continuous with the measurement of volume. This means that the 
mass of voids is ignored.  
The concept of volume distribution function, which is the same as volume 
fraction distribution function, is introduced. The distribution of the solid portion of 
granular materials is an important characteristic, which determines the distribution of solid 
mass. From the equation that the authors gave, it is apparent that the stress and body forces 
are all related to the volume distribution function. These forces allow the materials to 
support a density gradient in equilibrium through the gradient of volume distribution 
[Goodman, 1971]. 
Krishnan and Rao’s continuum mixture theory [2000] considered asphalt and 
aggregates as incompressible materials in the mixture while air voids are compressible. 
Hence, the densities of asphalt and aggregates are constant. Because of the reduction of 
the volume of air voids, the bulk densities of the mixture are usually not constants. In a 
mixture specimen, the volumes of air voids are different in different sub-volume elements, 
and so are the volume fractions of air voids. Therefore, there exist gradients of volume 
fractions and variations of the effective engineering properties in the mixture.  
The constitutive modeling of the constituents is as following: aggregate matrix 
in the mixture is modeled as a linearly elastic material; asphalt is assumed as weak 
compressible material. Krishnan and Rao’s continuum mixture theory [2000] doesn’t 
derive explicit relations between local volume fraction and its gradient and the effective 
properties of the mixture.  Goodman and Cowin’s theory [1971], however, demonstrated 
an explicit relation between the internal stresses and the volume fraction of solid 
components of the mixture, and therefore, the volume fraction of voids as well. 
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2.1.2 Material Force Mechanics 
The concept of material forces is different from that of physical forces. 
Physical forces are caused by displacements in physical space. However, by Gérard A 
Maugin’s definition [1995], material force is the result of material displacement, which 
means material forces are generated by the displacement among its components in their 
reference configuration such as crack developing and compaction of the materials etc. It is 
caused by the inhomogeneity of the materials. Some engineering parameters such as the 
density and elastic modulus are related to the inhomogeneity of the materials.  
Material forces, which differ from physical forces that obey some physical 
laws such as Newton’s equation of motion, contribute to the balance of 
pseudo-momentum. It mainly deals with the singularities of the materials i.e. the 
dislocations of the particles or the inclusions in the mixture.  
 By performing integrations through the material space, we can get the total 
material force in a certain domain of the mixture. Asphalt concrete can be considered as 
either a two-phase material or a three-phase material. Due to the application of traffic load, 
there is a reduction of the volume of voids in the mixture. This reduction will result in 
relative displacement among its components. As a result, this will generate additional 
inhomogeneity-induced material forces in the mixture. Local volume fraction and its 
gradient serve as the field variables that relate to the inhomogeneity induced material 
forces. 
2.1.3 Micro-Mechanics Theory   
The microstructure of the inhomogeneous materials is not uniform. A lot of 
micro-structural features, such as cracks, inclusions, voids, contribute to the 
non-uniformity of the microstructure. This leads to the situation that the stress and strain 
are not uniformly distributed in an element of the mixture, even if the external forces are 
 6
uniformly distributed. The main objective of micro-mechanics is to study the 
inhomogeneous materials in their real microstructure. Nemat-Nasser, Hori and Romero 
[1998] applied the concept of representative volume element (RVE) to study the effective 
properties of materials with microstructures. In inhomogeneous materials, RVE is a finite 
volume that can statistically represent the properties of the continuum quantities, which 
means RVE can represent the global properties of the materials but not the properties of 
localized characteristics. An RVE may include many defects of the materials such as 
voids, inclusions or cracks, which influence the effective properties of an RVE. The local 
volume fractions of the constituents in an RVE of an inhomogeneous material are different 
with their spatial locations, therefore affecting the effective properties such as strength and 
toughness significantly.   
2.2 X-Ray Tomography and Tomography Images  
X-ray tomography, a new technique, provides visualized microstructure of the 
materials while causing no destruction to the materials. Although the microstructure of 
materials plays an important role in affecting their properties, its study is very limited until 
recently. The reason might be due to the absence of appropriate techniques to get the 
actual microstructure of the materials. By using traditional methods, we can only get 
two-dimensional (2D) cross-sections of the materials. However, the images that are 
obtained by X-ray tomography can be used to reconstruct three-dimension (3D) images 
that reflect the actual microstructure of the materials. Since X-ray tomography is a 
technique that was recently used in the research on microstructures of construction 
materials, the number of papers on this topic is very limited.  
X-ray tomography has been extensively used in many fields. Among those 
fields, its application in medical science might be the most important. In medical field, 
X-ray tomography is also called computerized tomography (CT). Herman [1980] gave a 
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detailed description of the fundamentals of computerized tomography technique. By using 
this technique, we can get the images of the cross-sections of the human body. The 
application of X-ray tomography in transportation material research makes the 
quantification and visualization of microstructure of asphalt concrete possible.  
There are three steps to get tomography images: data collection, image 
reconstruction and image display. In the process of data collection, by changing the 
combination of the position of the detector and the X-ray source, we can get a series of 
data, which can be used to reconstruct images. After the X-ray beams pass through the 
object, there exists energy attenuation of the X-ray beams. X-ray beams that reach a 
special point in the object from different directions may have different attenuations. By 
precisely measuring the attenuations of the X-ray beams through the cross-section of the 
object, we can get images of these cross-sections. In order to get the three-dimensional 
images, we need to use these 2D sectional images to reconstruct images in 3D. To display 
the images of these cross-sections, computer graphics is used to display an array of surface 
and/or volume images on a computer screen.  
X-ray tomography images can be used to display the internal structure of 
asphalt concrete specimens. By analyzing these images, we can get the spatial 
distributions of aggregates, asphalt binder and air voids, and the gradation and orientation 
of aggregates as well. By quantifying these parameters, we might include them in the 
simulation of the mechanistic properties of inhomogeneous materials. The application of 
X-ray tomography technique in this field has increased drastically in the last few years. 
Shashidhar [1999] gave some examples of the application of X-ray tomography in the 
microstructure research of asphalt concrete.  
According to their application requirements, X-ray tomography systems may 
have different components. The X-ray tomography system used in transportation material 
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research mainly includes three parts: the X-ray source, a turntable and the X-ray detector. 
X-ray source controls the photons’ energy. The function of the turntable is to support the 
sample being scanned. X-ray detectors record the intensities of X-ray beams after they 
pass through the cross-section of the sample. Since the densities of the components of 
asphalt concrete are different, the attenuations of X-ray beam at different locations are 
usually different after they pass through the sample. The information on the different 
attenuations can be used to reconstruct the locations of the components. 
Burch [2001] described how to measure material’s density variation of 
inhomogeneous materials in X-ray tomography. The densities of the components are 
usually displayed with proportional brightness. The higher the density, the brighter the 
component. Thus, in asphalt concrete the order of brightness, from the highest brightness 
to the lowest brightness, is aggregate, asphalt and voids.  
In tomography imaging, 2D sectional images represent thin slices of the 
sample. The thickness of the slice is determined by the thickness of X-ray beam, which 
was controlled by the collimator that was put in front of the X-ray source. By putting these 
images together, we obtain the image of the whole volume.  
2.3 X-Ray Tomography Image Analysis  
To use X-ray tomography images to study the microstructure of asphalt 
concrete, the first step is to get digitized images. The computer only can process the 
images that are in digitized forms. These images can be saved as “TIFF” or other formats. 
The second step is to process these images using appropriate software. The processed 
images provide more useful information needed for special interests. In this study, 
Image-Pro Plus software is applied. Image-Pro Plus software provides many functions 
such as converting gray color images or color images to binary images, and counting the 
number of voids or areas of the aggregates etc. This software makes both quantification 
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and visualization of the microstructure of asphalt concrete convenient. Nevertheless, 
macros and analysis methods must be developed on the Image-Pro Plus platform to allow 
efficient image processing and analysis. 
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CHAPTER 3. THEORIES FOR HETEROGENEOUS MATERIALS 
Both asphalt concrete and cement concrete are inhomogeneous materials.  
Asphalt concrete has three components. Aggregates, an elastic material, which grade from 
a maximum size of 37.5mm to a minimum size of 0.075mm, are the skeleton of asphalt 
concrete. Asphalt, a viscoelastic binder, makes asphalt concrete viscoelastic too. The third 
component is air voids, which are needed for avoiding bleeding and plastic mixes. Asphalt 
concrete is designed to have sufficient volume of air voids to bear the compaction in the 
application of traffic loading.  For fresh asphalt concrete, air voids range from 5~8%. 
After the application of traffic loading, normally it reduces to 3~5%. [Krishnan, 2000]. In 
asphalt concrete, its three constituents are not uniformly distributed. The volume fractions 
of these constituents are varying with spatial locations. Therefore there exist spatial 
gradients of volume fractions (local volume fractions) of the constituents. Due to the 
existence of spatial gradients in the mixture, it results in inhomogeneity-induced materials 
forces in the mixture. Material forces, superimposed with external forces, will cause stress 
concentration and strain localization. Four theories provide relations between the gradients 
of inhomogeneity to the stress concentration and strain localizations in an inhomogeneous 
material. They are continuum mixture theory; materials force mechanics; micro-mechanics 
theory; and continuum theory for granular materials. These theories are outlined in the 
following sections to further demonstrate the relevancy of this study through rigorous 
theories.  
3.1 Continuum Mixture Theory  
The continuum theory of mixture only considers asphalt concrete in a purely 
mechanical condition and ignores thermal and chemical reactions among the components. 
At each instant time, every distributed volume of the mixture is occupied by the particle 
that belongs to aggregates, asphalt binder or air voids.  The motion of the constituents is:  
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),( tXx iiχ=                                                (3-1) 
Where, i= 1,2,3. i=1 represents aggregate matrix; i=2 represents asphalt binder; i=3 
represents voids; Xi denotes the space position of the particles in the reference 
configuration. Every constituent obeys the law of the conservation of mass, the 
conservation of linear momentum and the conservation of angular momentum. For every 
distributed volume in the space [Krishnan, 2000]: 
Total volume:  
)3()2()1( dvdvdvdv ++=                                          (3-2) 
Total mass:  
)3()2()1( dmdmdmdm ++=                                        (3-3) 
Volume fraction:  
v
vii =φ                                                       (3-4) 
Where, )(idv  represents the volume of the constituents; )(idm  represents the mass of the 
constituents; v  represents the total volume; iφ  represents volume fraction of the 
constituents; and i = 1, 2, 3. 
With the application of traffic loading, the local volume fractions of the 
constituents are varying with the reduction of air void contents in the mixture and the 
change of particle configurations. This change may be modeled by the mixture theory, 
which predicts the mixture properties out of the properties of the constituents and their 
spatial local volume fractions.  
The mechanical properties of the constituents can be described by the 
following equations: 
For aggregate matrix,  
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ijijkkij εµδελτ
)1()1()1( 2+=                                         (3-5) 
For asphalt:  
)2()2()2()2( )( ijijij p τδρτ +−=                                       (3-6) 
For air voids:  
ijij p δτ
)3()3( −=                                                  (3-7) 
Where, λ and µ  represents the Lame’s constant; ip represents the pressure; and 
iρ represents the bulk density of the constituents. )(iijτ  represents the stress tensor.  





i τφσ =                                                     (3-8) 
Where, i = 1, 2, 3. 






iσσ                                                       (3-9) 
Where, iσ represents the partial stress tensor of the constituents; and iφ represents the 
volume of the ith constituent per unit volume of the mixture. 
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φφ                                              (3-15) 
Where, iv  represents the volume of the constituents.  
In this theory, the important field parameters are local volume fraction and its 
gradient. More details of this theory can be referred to [Krishnan, 2000]. 
3.2 Material Force Mechanics 
Material force is a kind of force that is generated by the displacement of 
materials in their referenced configuration, not the real displacement in their physical 
space. It means that it is caused by the inhomogeneity of the materials. From this point, 
materials force can also be called inhomogeneity force. It contributes to the balance of 
momentum in the mixture.  
 In asphalt concrete, due to the reduction of air voids resulting from the 
application of traffic loads, the three components may have relative displacements. These 
displacements generate material forces. These forces may be significantly different at 
different spatial locations. Therefore, material forces are also related to the local volume 
fraction of the components and its gradient of inhomogeneous materials. [Maugin, 1995]. 
3.3 Micro-Mechanics Theory       
The microstructure of the mixtures is very complicated. The constituents in the 
mixture are not uniformly distributed. Many factors such as cracks, inclusions, and voids 
may affect the uniform distribution of the constituents. This leads to non-uniform 
distribution of stress and strain in a mixture element even the external forces are uniform.  
The main objective of micromechanics is to study the properties of the mixture by 
including their actual microstructures.  
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 In micromechanics, the concept of representative volume element (RVE) is 
introduced. It represents a typical point in the mixture that its properties can statistically 
represent the properties of the mixture [Nemat-Nasser, 1998]. For an RVE, it may include 
cracks, inclusions and air voids. All these factors have their different influences on the 
properties of the mixture, such as elastic modulus etc. In the RVE, the local volume 
fractions of these constituents also vary, which result in inhomogeneity-induced forces as 
well.  By this theory, the local volume fraction and its spatial gradient are also important 
parameters that need to be quantified.         
3.4 Continuum Theory for Granular Materials  
There is another theory, continuum theory for granular materials, which 
predicts the relationship between local volume fraction and its gradient with effective 
properties explicitly. This theory was first presented by Goodman and Cowin [1971]. In 
this theory, it had four basic assumptions: (1) considering the volume of granules in a 
Euclidean space; (2) neglecting the mass of voids; (3) introducing higher order of stress 
and body force to account for the energy flux and energy supply; and (4) no change of 
volume distribution and density within the referenced configuration. The concept of 
volume fraction was introduced in this theory. From the second assumption, we could 
interpret that the distributed mass (Mt) is only related with the distributed solid volume 
(Vt).  
   Vt = ∫ vdV                                                (3-16) 
Where v  denotes the volume fraction of solid volume; and Vt is the total volume of 
granular materials. The distributed mass can be expressed as:                
         Mt = ∫ vdVγ                                                (3-17) 
Where, γ is the distributed mass density.  
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3.4.1 Kinematics of Volume Distribution 
From equation (3-16), we can get:      
vdVdvt =                                                   (3-18) 
000 dVvdvt =                                                 (3-19) 
tdv  represents bulk volume of distributed volume in an instantaneous configuration; and 
0tdv  represents the bulk volume of distributed body in the reference configuration.  




vdv =                                               (3-20) 
Where, iAFJ det= . iAF  represents the deformation tensor. 
3.4.2 Thermodynamic Process 
 By the second law of thermodynamics and restriction of the conservation law, 
a thermodynamic process G shall satisfy the following equations: 
















γεγ  (3-21) 
 Balance of equilibrated force:    
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 Where, Tij represents stress tensor; bi represents body force; ε  represents specific 
internal energy; iq  is heat flux vector; r is heat supply; η  is specific entropy; iφ  is 
entropy flux vector; θ  is temperature; k  is equilibrated inertia; ih  is equilibrated 
stress vector; l  is external equilibrated body force; and g is intrinsic equilibrated body 
force; From process G to G’, there are balance of mass, linear momentum and angular 
momentum. 
Balance of mass:                 
0,
.
=+ iivvv γγ                                                  (3-25) 
Balance of linear momentum:                      
ijiji vbTvv γγ += ,
.
                                              (3-26) 
Balance of angular momentum:                       
jiij TT =                                                      (3-27) 










kvvgvhDTv                  (3-28) 
Where, ijD  represents the rate of deformation tensor. 
3.4.3 Constitutive Equation 
The thermodynamic response of granular materials is related with the motion 










, )( −=                                              (3-30) 
Then, inequality expression (3-28) can be expressed as: 
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∂= ψγ 2)                                    (3-32) 




















                (3-33) 
3.4.4 Equilibrium 
The left hand of inequality expression (3-33) has a minimum value at the 
reference condition. To get this value, then, 







∂−−= ψγδ                                     (3-34) 





)−=                 00 =iq                         (3-35) 
Where, 0ijT  is equilibrium stress; 
0g  is intrinsic equilibrium body force; and 0iq  is heat 
flux. 
3.4.5 Linear Theory 
If the dissipative stress and intrinsic equilibrated body force have linear relation 
with the variables, then, 
ii kq ,θ−=                                                   (3-36) 
 18
ijijkkijijij DDvTT µδλδξ 2
.
0 ++=−                                (3-37) 
kkDvgg δξ −−=−
.
0                                          (3-38) 
Where, 0ijT  represents the equilibrated parts of the stress; and 
0g represents the intrinsic 






ξγµλξδγ iiijijjjiijj kvvvDDDDDvv              (3-39) 
3.4.6 Granular Materials with Incompressible Granules 
The above discussion is concerned with granular materials with compressible 
granules. In the following section, we will discuss the case when granular materials are 





v         or     0,
.
=+ iivv
v                            (3-40) 
By using these additional constraints and the thermodynamic pressure p as an independent 
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                                (3-42) 
If linear relations are adopted,  
ijijkkijij DDTT µδλ 2
0
+=−                                     (3-43) 




                                              (3-45) 
Where, 
0
ijij TT − represents the dissipative parts of the stress; and 
0
gg − represents the 
dissipative parts of the intrinsic equilibrated body force. The overbar on the functions 
represents the change of independent variable from γ  to p . 
From the assumption that ih  is a linear function of iv, , it implies that: 
 ii vh ,2α=                     ),,,( 000 θαα pvv=            (3-46) 
If we neglect 
.
v  and γ  from the constitutive equation, then, inequality (3-28) can be 











                         (3-47) 
For an equilibrated body force and stress: 
ijij pT δ





=                               (3-48) 
Where, *p  is an arbitrary scalar; γ  represents the distributed density; andv  represents 
the volume distribution. Then we get: 
ijijij TpT





+=                  (3-49) 











                         (3-50) 
Considering a special case of linear theory of granular materials, the basic assumptions 
are: (1) neglecting the equilibrated momentum 
.
vk  and equilibrated body force l ; (2) 
The distributed body is incompressible in the region of non-equilibrium; (3) 0α  is 
analytic in its argument v  at 0vv = ; and (4) the Mohr-coulomb criterion is sufficient 
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condition for equilibrium. Then, the stress can be expressed as the following equation for 
this special case. 
        ijijkkjiijkkkkij DDvvvvvvvT µδλαδααββ 22)2( ,,,,,
2
0 ++−++−=        (3-51) 
In equation (3-51), the second order of gradient kk vv ,, , kkvv,  and jivv ,, , are very 
small. If we neglect these terms, and consider kkD and ijD  as constant, then, the stress 
difference between two points in the space can be expressed  in the following equation: 
[ ] ijvvTT δββββ )( 21022012 −−−=−                                (3-52) 
The internal stresses are directly related with the local volume fraction and its 
gradient [Goodman, 1971]. 
All of these theories that we described above are related with local volume 
fraction and its gradient. In this study, these field variables were quantified in 3D schemes. 
So far, the local volume fraction was quantified using 2D techniques and the gradient of 
local volume fraction has never been quantified. 
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CHAPTER 4. TOMOGRAPHY IMAGES AND IMAGE ANALYSIS 
X-ray tomography, since its invention, has been used extensively in many fields 
such as medicine, materials engineering and biology. Its advantage to cause no destruction 
to the inspected materials is unique.   
4.1 X-ray Tomography  
X-ray tomography, also called X-ray computerized tomography system, has 
many kinds of applications. The system we used in this research has three main 
components: the X-ray source, the part manipulator, and the linear detector array. Figure 1 
is the X-ray tomography system that was used to acquire the images at FHWA for this 
study. 









Fig. 1    X-ray Tomography System 
 
In the X-ray tube, the electrons were heated to give them enough energy to bomb 
the tungsten target at a very high speed to produce electromagnetic radiation in the 
spectrum range of X-ray. X-rays may be scattered due to the properties of photons. To 
control the thickness and shape of the X-ray beams, a collimator is put between the X-ray 
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source and the detector. The detector measures the intensities of X-ray beams that reach it 
after passing through the sample. The sample, which will be tested, is put on the part 
manipulator, which is between the collimator and the detector. For this research, the 
images we got are of the cross-sections of asphalt concrete cylinder. The function of part 
manipulator is to hold the sample and to adjust the slice to an appropriate position. The 
part manipulator can rise, lower or rotate to adjust the sample to the exact position where 
an image is acquired. After the X-ray beam passes through the sample and reaches the 
detector, the intensities of X-ray beams can be converted to electronic signals, which can 
then be processed and interpreted by a computer to get the digital images. Fig.2 illustrates 
the principle of the X-ray tomography system. 
                        
 
 
Fig.2 Principle of X-ray Tomography System 
 
4.2 X-ray Tomography Images 
X-ray tomography imaging has been increasingly used in research because it can 
display the real internal structure of materials. To obtain an image, the first step is data 
collection. For each position combination of the detector and X-ray source, it has two 
measurements. One is calibration measurement. The other is actual measurement. During 
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calibration measurement, a reference material such as air or other homogeneous materials 
is inserted into the reconstruction area. It measures the numbers of the photons that are 
generated from X-ray source that pass through the reference material. The goal of 
calibration measurement is to provide a compensation of the intensity of the X-ray beam 
for the actual measurement. During the actual measurement, the material that we are 
interested in is put on the part manipulator in the reconstruction area. The number of 
photons that reach the detector relies on the energy of X-ray beam and the densities of the 
materials, which absorb photons. Before X-ray beams arrived at the object, they may have 
the same energy level, which is called monochromatic energy. Since the densities of 
components of asphalt concrete are different, for each position combination of X-ray 
source and detector, there are different attenuations of X-ray beams after they pass through 
the sample. Attenuation coefficient is used to measure the attenuation of the energy of the 
photons after they were generated from the X-ray source and finally pass through the 
sample. The process of getting the measurement data and converting these data to images 
is called reconstruction, which is implemented by applying a series of mathematical 
computations.  
The image size is 512X512 pixels (Figure 3 is one of the images). Therefore, the 
resolution of the image is 0.3mm/pixel. Thus, only the component size larger than 0.3mm 
can be seen. From Figure 3, a gray scale image, it can be seen that the intensities of the 
components in the cross-section are different. It is related to the density of the 
components. The aggregate, which has the highest density, has a highest intensity. Due to 
their lower densities, voids and pure asphalt binder are darker. It is easy to see that in 
X-ray tomography image every component can be accurately distinguished from each 
other. It provides a more useful tool to study the internal structure of asphalt concrete than 
conventional optical imaging method. 
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4.3 Image Analysis 
Research on the internal structure of asphalt concrete includes the arrangement 
and the gradation of aggregates, the distribution of voids and asphalt binder In this study, 
image analysis procedures were used to quantify the microstructure of asphalt concrete. 




              Fig.3 X-ray Tomography Image 
 
4.3.1 Materials 
The materials in this study are asphalt concrete cylinders cored from the 
WesTrack project. These asphalt concrete cylinders include three different mixes: the fine 
mix, the fine- plus mix and the coarse mix. The three mixes were placed and compacted to 
the same air void contents but the asphalt contents and the gradations were different.  
Asphalt binder used in WesTrack project was PG 64-22, a single 
performance-graded asphalt binder. It meets 98-percentile high temperature level as well 
as 50-percentile low temperature for Superpave specifications [Jon Epps, 1997]. For fine 
mix, the gradation on the fine side of the nominal maximum size 19mm is selected. In this 
mix, 1 to 3 ratios of sand were added into aggregates to meet the need. The only difference 
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between the fine mix and fine-plus mix is that fine-plus mix has extra “bag house” fines. 
For the coarse mix, gradation on the coarse side of the nominal maximum size 19mm is 
selected. The purpose of this project is to develop the performance-related specifications 
and to verify the early –field Superpave mixture design procedure [Jon Epps, 1997]. All 
the specimens in this study are in the medium void content. 
4.3.2 Image Analysis Method 
To get the information needed for this study, the following steps are needed: 
(1) Coring the specimens. In this project, six specimens were studied. They were 
from TM06 to TM11. TM06 and TM07 were from the fine-mix. TM08 and 
TM09 were from the fine-plus mix. TM10 and TM11 were from the 
coarse-mix. The mixture was designed according to Superpave volumetric mix 
design procedures.  All specimens had the same diameter of 6”.  
(2) Getting the images. The images were captured by using the X-ray tomography 
system in Figure 1. Figure 4 is the visualization of the specimen. The 
two-dimensional (2D) images got from X-ray tomography, have a thickness of 
1mm. For every slice, the space between two slices is 0.8mm. Figure 5 shows 







                                  
            Fig.4 Asphalt Concrete Specimen 
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  Fig.5 Thickness of the Slices 
 
(3) Determining the thresholding value. The gray levels of the components in the 
images are controlled by the densities of the components. As we mentioned 
before, only the size of components exceeding 0.3mm can be seen in the 
images. Image-Pro Plus software was used to process the images. Before 
performing image analysis, the thresholding gray intensity must be chosen to 
decide whether the component belongs to asphalt binder, aggregates or voids. It 
was decided by analyzing the histogram of in intensity distribution of the 
components of the mixture. The function of thresholding value is to isolate the 
component from each other [Romero, 2001]. By executing the segmentation 
operation in a gray-scaled image, the image is converted into a white-black 
(binary) image. Figure 6 shows an image that was in a gray-scale status. Figure 
7 shows an image that was in a binary status. In Figure 7, by using black color 
on the higher density materials, air voids are expressed by white color. On the 












      Fig.7 Binary Image 
(4)  Dividing the cross-section into squares. After the determination of the 
thresholding value, an image was converted to binary image. In this binary 
image, an inscribed square was constructed to study the distribution of air voids 
in the sample. The square was divided into 25 small squares. Figure 8 shows 
the inscribed square and the divided squares. The unit in Figure 8 is pixel. The 




Fig.8 Inscribed Square and Square Division 
 
(5) Developing the macros. Image-Pro Plus is image processing software. By using 
Image-Pro Plus, a macro was developed to measure the area of voids in every 
square. The following is part of the macro. 
      Sub Binary () 
      Dim X As Integer 
      Dim Dstate As Integer  
      Dim Iname As String * 255 
      X = 0 
      Dstate = IpStSearchDir("C:\WestTrack\TM6","*.TIF",X,Iname) 
      Debug.Print(Iname) 
      Do While Dstate = 1 
      ret = IpWsLoad(Iname,"TIF") 
      ret = IpCalLoad("C:\Ipwin4\westtrack1.CAL") 
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      ret = IpLutBinarize(0,92,1) 
      ret = IpWsSave() 
      ret = IpDocClose()       
      X = X+1 
      Dstate = IpStSearchDir("C:\WestTrack\TM6","*.TIF",X,Iname)  
      Loop 
      End Sub 
      Sub Tomo_Gradient () 
      Dim X As Integer 
      Dim Dstate As Integer 
      Dim Iname As String * 255 
      X = 0 
      Dstate = IpStSearchDir("C:\WestTrack\TM10b","*.TIF",X,Iname) 
      Do While Dstate = 1 
      ret = IpWsLoad(Iname,"TIF") 
      ret = IpCalLoad("C:\Ipwin4\westtrack1.CAL")   
      Dim B As Integer 
      Dim A As Integer 
 For B=0 To 4  
  For A=0 To 4   
    ipRect.Left=76+A*72 
    iprect.top=76+B*72 
    iprect.Right=76+(A+1)*72 
    iprect.bottom=76+(B+1)*72 
    ret=IpAoiCreateBox(iprect) 
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    ret=ipblbsetrange(92,255) 
    ret=ipblbsetattr(blob_cleanborder,0) 
    ret=ipblbenablemeas(blbm_area,1) 
    ret = IpBlbCount() 
    ret = IpOutputClear() 
    Debug.Print B 
    Debug.Print A 
ret = IpOutputSave("C:\westmacro\TM10-Data.CNT",S_APPEND) 
ret=IpBlbSaveData("C:\westmacro\TM10-Data.CNT",S_DATA+S_APPEND) 
ret=IpBlbSaveData("C:\westmacro\TM10-Data.CNT",S_STATS+S_APPEND) 
  Next A 
             Next B 
 Debug.Print(Iname) 
ret = IpOutputSave("C:\westmacro\TM10-data.CNT",S_APPEND) 
ret=IpBlbSaveData("C:\westmacro\TM10-Data.CNT",S_STATS+S_APPEND) 
 X = X+1 
 Dstate = IpStSearchDir("C:\WestTrack\TM10b","*.TIF",X,Iname) 
Loop 
End Sub 
The macro was developed using Visual Basic and Basic language. There were    
two steps to finish measuring the areas of voids. At first, in the Binary 
subroutine, the gray images were converted into binary images. Following the 
first step, in the Tomo_Gradient subroutine, areas of voids in every small 
square were measured. The results were outputted in EXCEL format. Then, the 
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volume fraction and the gradient of local volume fraction were calculated using 
the following equations. 
(6) Calculating the volume fraction of voids. From stereology principles, we can 
state that the volume fraction of the components is equal to their area fraction 
[Wang, 2001]. Then, the volume fraction of voids in every square is calculated 
using the following equation.  
A
a=γ  
Where, a  denotes the total area of voids in one square. A denotes the area of 
the squares. In the image, the area of every small square is 449.4 mm2.  
(7) Calculating the gradient of local volume fraction. To calculate the gradient of 
the voids in every square, the finite difference method was used. In every 
square, X, Y, Z direction’s gradient is calculated. However, the method is 
varied with the position of the square. The small square that closes to the 
boundary of the square is calculated using the following equation.  
d
grad d
γφ =  
Where, dγ denotes the difference of volume fraction of voids in the two 
adjacent squares. For example, in Figure 8, the calculation of X-direction’s 







Where, d=21.2mm. 1γ represents the void volume fraction of square 1. 
2γ represents the void volume fraction of square 2. 
Y-direction’s gradient of square 1 can be expressed as the following equation: 
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6γ represents the void volume fraction of square 6. 
However, the gradient of squares in the centered area is calculated using a 
different method. For example, X-direction gradient of square 7 is represented 
by the following equation. 








Z-direction gradient equals to the quotient that the difference of volume 
fraction of slices between its upper and lower position is divided by the 
distance between these two slices. 
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CHAPTER 5. EXPERIMENTAL RESULTS AND COMPARISON 
The properties of asphalt concrete are affected by the properties of its 
components and its internal structure. Distribution of voids in the mixture is an important 
factor to affect its properties. In this study, local volume fraction of voids and its gradient 
were quantified. Six specimens, TM06-TM11, which all were from the testing site, were 
studied. They represent three mixes. Specifically, TM06 and TM07 were fine mix cores; 
TM08 and TM09 were fine-plus cores; and TM10 and Tm11 were coarse mix cores.  
Eighty images were captured for each core, except for TM08, which has only 62 
images. The vertical distance of the core is 144mm [Wang, 2001]. Totally, 462 images 
were acquired. An inscribed square was made in the images and further it was divided into 
25 small equal squares (5X5). There are 25 data in one image. For one specimen, there are 
1600 data points. Additionally, TM11 was also divided into two other small square meshes 
of 4X4 and 6X6 squares to compare the experimental results with those of 5X5 squares. 
Table 1 and Table 2 respectively show some statistic parameters of the volume fractions 
and gradients of volume fractions of the three square divisions. The comparison of the 
results indicates that there is no great difference using three different divisions. Therefore, 
we selected the middle division, 5X5 square division, to study the voids distribution of the 
six mixtures.  
Table 1. Statistic Variables of Volume Fraction of TM11 
VARIABLES  
TEAM 11 STANDEV MEAN MAXIMUM MINIMUM 
SQUARE 4x4 0.053201 0.10023 0.411799 0.012908 
SQUARE 5X5 0.060915 0.100034 0.436568 0.004937 
SQUARE 6x6 0.067028 0.101279 0.458215 0 
 
 34
Table 2. Statistic Variables of Effective Gradient of Volume Fraction of TM11 
VARIABLES  
TEAM 11 STANDEV MEAN MAXIMUM MINIMUM 
SQUARE 4x4 0.009543 0.009931 0.106986 0.000666 
SQUARE 5x5 0.010233 0.011708 0.116603 0.000433 
SQUARE 6x6 0.011806 0.013501 0.141696 0.000423 
 
Table 3 shows statistic variables of local volume fraction of voids in the 
cross-sections of the specimens: the standard deviation, the mean value, the maximum 
value and the minimum value. From the table, it can be observed that the local volume 
fraction in the coarse mix (TM10 and TM11) is the largest of the three mixes. It means 
that void volume size (larger than 0.3mm) of coarse mix is the largest among the three 
mixes. Fine-plus (TM08 and TM09) is in the middle and fine mix (TM06 and TM07) has 
the smallest void volume fraction. There are no apparent differences between the same 
mixes.  
Table 3. Statistic Variables of Volume Fraction of TM6~TM11 
VARIABLES  
TEAM STANDEV MEAN MAXIMUM MINIMUM 
TM06 0.02146 0.015836 0.20327 0 
M07 0.018812 0.018052 0.178246 0 
TM08 0.05623 0.053774 0.353412 0 
TM09 0.05288 0.051661 0.35322 0 
TM10 0.049723 0.096805 0.338013 0.006545 
TM11 0.060915 0.100034 0.436568 0.004937 
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Figure 9 - Figure 20 describe the frequency distribution of the void volume 
fractions. For Figure 9 ~ Figure 14, the number of the bins in the figures is fifty. In order 
to compare the effects resulting from different numbers of bins, three hundred bins were 
used and the results were presented in Figures 15-19. However, from TM06 to TM09, 
there are no great differences in their curve fitting for the two situations. It can be viewed 
that most of the local volume fractions concentrated at a small range. Contrary to the fine 
mix and fine-plus mix, the distribution of void volume fraction of coarse mix scattered in a 
relatively larger range. Therefore, we can conclude from this that the volume fractions of 
voids in the fine-mix and fine-plus mix are relatively more uniform than that in the coarse 
mixes. Most of the volume fractions are less than 0.05 in fine mix and fine plus mix. 












































































































































Fig.15 Volume Fraction of TM06 (300 bins)
Volume Fraction
























Fig.16 Volume Fraction of TM07 (300 bins)
Volume Fraction





















Fig.17 Volume Fraction of TM08 (300 bins)
Volume Fraction 























Fig.18 Volume Fraction of TM09 (300 bins)
Volume Fraction























Fig.19 Volume Fraction of TM10 (300 bins)
Volume Fraction


















Fig.20 Volume Fraction of TM11 (300 bins)
Volume Fraction














Figure 21 –Figure 26 represent the distribution of the volume fractions in one 
cross-section. In the fine mix and the fine-plus mix, the volume fractions are relatively in 
the same level except for the boundary locations. They have no obvious change between 







































































































































































































































Table 4 presents the values of the gradient of local volume fraction. There are 
one gradient in each of the three directions for one point. The effective gradient of one 
point is defined by the following equation. 
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zyxgrad φφφφ ++=  
Where, xφ , yφ  and zφ  represent the gradients of local volume fraction in X, Y and Z 
directions. 
From Table 4, it can be noticed that the mean value of gradient and the standard 
deviation are apparently different for the three mixes.  TM10 and TM11 are the largest 
among the three. TM8 and TM9 are in the second. TM6 and TM7 are in the third position.  
Figure 27 –Figure 32 represent the 3D graphs of the gradient of local volume 
fractions in one cross-section. The distribution of the gradient in the fine mix and fine-plus 
mix are more uniform than that in the coarse mix. 
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Table 4. Statistic Variables of Effective Volume Fraction Gradient of TM6~TM11 
VARIABLES  
TEAM STANDEV MEAN MAXIMUM MINIMUM 
TM06 0.01 0.003881 0.179551 3.3E-05 
TM07 0.004659 0.003301 0.095954 6.8E-05 
TM08 0.008796 0.006858 0.13898 0.000112 
TM09 0.007164 0.006482 0.120672 0 
TM10 0.009126 0.011444 0.097332 0.000612 



























































































































































































































Based on the concept of material forces for inhomogeneous materials, coarse mix 
of TM10 and TM11 might have larger material forces among its components. Therefore, 
they might have larger stress concentration than fine mix and fine-plus mix. For 
performance, they might be the worst. 
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CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS 
6.1 Conclusions  
Internal structure of asphalt concrete has a significant effect on its mechanic 
properties. Void distribution is one of the factors that affect material’s properties. X-ray 
tomography technique was used to capture the images of cross sections of the specimens. 
It provides a unique tool in the study of the microstructure of the materials. X-ray 
tomography images make it possible to visualize the microstructure of the materials. From 
the X-ray tomography images, the voids, the aggregates and the asphalt binder can be 
distinguished.  
In the processing and analyzing the images, Image-Pro Plus software was used. 
A macro was developed to measure the areas of voids in the mixture using Visual Basic 
and Basic language. This procedure provides a fast and convenient way to quantify the 
internal microstructures of the materials, such as the gradation and direction of aggregates, 
cross-section area of voids and its distribution, the distribution of micro-defects. In this 
study, the internal structure was described in terms of the local volume fraction and the 
gradient of local volume fraction of voids. 
In this study, three mixes: the fine mix, the fine-plus mix and the coarse mix, 
each having two specimens, were analyzed. All specimens were provided by the 
WesTrack project, which was conducted by Federal Highway Administration (FHWA). 
The goals of WesTrack project were to verify the Superpave bulk volume design 
specifications and to develop the performance-related specifications of hot-mix asphalt 
concrete. The three mixes had the same void contents. All three mixes were designed to 
meet the Superpave mix design specifications, but their performances were different. The 
expected result was that coarse mix should have better performance in resisting rutting and 
fatigue. However, on the contrary, fine mix and fine-plus mix had better resistance to rutting 
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and fatigue. It was also found that the mixture that rutted the most was also the mixture that 
had the least resistance to fatigue cracks.  
From the analytical results in this study, we can conclude that the distribution of 
voids in the mixture was non-uniform. More voids distributed on the top and in the bottom 
than in the middle of the specimens. Compared with fine mix and fine-plus mix, it can be 
observed that coarse mix has the largest local void volume fraction and the gradient of 
local void volume fraction. In coarse mix, local void volume fractions in the mixture 
change greatly from one spatial location to another spatial location. The order of the 
decreasing local volume fraction and the gradient of local volume fraction are consistent 
with the order of the increasing resistance to rutting and fatigue cracks.  
Using Equation (3-52) to analyze the internal stresses of the mixtures, the stress 
difference between two points in the space is: 
[ ] ijvvTT δββββ )( 21022012 −−−=−                                 (3-52) 
Where, 1v  and 2v  are volume fraction of solid components of two different locations. If 
we use 3v  and 4v  to represent the volume fractions of voids,   
        11 1 γ−=v            22 1 γ−=v                                 (6-1) 
Then, equation (3-52) can be expressed as:  
[ ] ijTT δγββγββ 21022012 )1()1( −+−−−=−                         (6-2) 
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From Equation (6-3), we know that the differences of stress between two points 
in the space in the materials is related to the difference of local volume fractions and the 
average volume fraction values of these two points. The more the difference or the larger 
the average volume fraction value, the greater the internal stress difference. Figure 33 
shows the average mean value of the local volume fraction. The coarse mix has the biggest 
mean value of local volume fraction. The average volume fraction of two points in the 
mixture is also the biggest among the three mixes. The internal stresses in this mix might  
be the biggest. 
Fig.33 Statistic Information on Local Volume Fraction

























From Equation (6-4), it can be seen that the internal stress difference is related to 
the gradient of local volume fraction as well. From this point of view, even though the 
pavement was loaded with the same external load, the internal stress might not be the 
same. Therefore, their field performance might be different. From Figure 34, among the 
three mixes, the coarse mix has the largest mean value of gradient. Therefore, it generates 
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the largest internal stress in the mixture, which might cause larger deformation in the 
internal microstructure. This result is consistent with the field performance of the mixes in 
the WesTrack project that the coarse mix had the least resistance to rutting and fatigue 
cracks. Fine mix and fine plus mix had better performance than coarse mix. However, 
there is no big difference between fine and fine plus mix.  
Fig.34 Statistic Information on Gradient of Local Volume Fraction






















6.2 Recommendations for Future Research 
The following recommendations are made: 
(1) The relation between the volume fraction gradient of asphalt concrete and the 
performance of the mixture should be validated through more experiments. 
(2) Further research is needed to develop a complete theory using this field 
variable to characterize the behavior of asphalt concrete. 
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APPENDIX: GRADIENT OF LOCAL VOLUME FRACTION 
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Gradient of TM06 
 
Gradient of 1-1004 
0.00255 0.00237 0.00242 0.00187 0.00739
0.00080 0.00033 0.00229 0.00063 0.00538
0.00020 0.00028 0.00015 0.00047 0.00050




0.00119 0.00150 0.00335 0.00083 0.00790
0.00116 0.00080 0.00051 0.00538 0.00176
0.00024 0.00118 0.00233 0.00345 0.00001
0.00039 0.00011 0.00016 0.00236 0.00039




0.00037 0.00057 0.00083 0.00067 0.00098
0.01401 0.02182 0.01711 0.03476 0.03080
0.01241 0.00150 0.00738 0.04994 0.01433
0.00909 0.00471 0.01583 0.00727 0.02759




0.04203 0.00631 0.03561 0.06866 0.03326
 
Gradient of 1-1005 
0.00185 0.00013 0.00055 0.00058 0.00295
0.00013 0.00021 0.00206 0.00030 0.00424
0.00040 0.00029 0.00011 0.00050 0.00062




0.00054 0.00027 0.00265 0.00010 0.00583
0.00105 0.00013 0.00063 0.00424 0.00122
0.00021 0.00073 0.00005 0.00117 0.00014
0.00025 0.00037 0.00017 0.00163 0.00019




0.00056 0.00086 0.00096 0.00097 0.00084
0.00027 0.00674 0.00326 0.01984 0.00294
0.00406 0.00321 0.00310 0.01310 0.00273
0.00540 0.00011 0.00401 0.00043 0.00877














Gradient of 1-1006 
0.00194 0.00003 0.00004 0.00060 0.00202
0.00074 0.00033 0.00099 0.00050 0.00272
0.00055 0.00011 0.00002 0.00048 0.00060




0.00025 0.00014 0.00134 0.00005 0.00293
0.00111 0.00074 0.00044 0.00272 0.00144
0.00009 0.00069 0.00022 0.00071 0.00010
0.00030 0.00004 0.00013 0.00064 0.00027




0.00050 0.00083 0.00071 0.00143 0.00091
0.00438 0.00374 0.00305 0.00738 0.00294
0.00016 0.00337 0.00016 0.01000 0.00176
0.00235 0.00011 0.00642 0.00128 0.00225




0.00315 0.00214 0.00684 0.02379 0.00315
 
 
Gradient of 1-1007 
0.00122 0.00025 0.00024 0.00109 0.00170
0.00070 0.00021 0.00092 0.00046 0.00254
0.00038 0.00046 0.00001 0.00123 0.00040




0.00017 0.00112 0.00081 0.00021 0.00179
0.00103 0.00070 0.00060 0.00254 0.00152
0.00036 0.00042 0.00034 0.00065 0.00020
0.00020 0.00003 0.00026 0.00054 0.00014




0.00062 0.00064 0.00112 0.00146 0.00124
0.00326 0.00636 0.00326 0.00332 0.01599
0.00209 0.00021 0.00032 0.00080 0.00487
0.00577 0.00021 0.00839 0.00080 0.00048














Gradient of 1-1008 
0.00086 0.00003 0.00030 0.00223 0.00145
0.00078 0.00018 0.00090 0.00094 0.00259
0.00059 0.00011 0.00006 0.00123 0.00046




0.00011 0.00082 0.00032 0.00025 0.00074
0.00075 0.00078 0.00039 0.00259 0.00227
0.00013 0.00014 0.00021 0.00049 0.00121
0.00010 0.00015 0.00043 0.00054 0.00062




0.00054 0.00047 0.00125 0.00152 0.00103
0.00086 0.00027 0.00155 0.00016 0.00904
0.00118 0.00080 0.00139 0.00374 0.00920
0.00086 0.00075 0.00086 0.00128 0.00294




0.01337 0.00064 0.00941 0.00465 0.00289
 
 
Gradient of 1-1009 
0.00126 0.00019 0.00023 0.00199 0.00173
0.00056 0.00043 0.00131 0.00136 0.00318
0.00051 0.00031 0.00005 0.00091 0.00062




0.00006 0.00079 0.00047 0.00077 0.00100
0.00123 0.00056 0.00036 0.00318 0.00308
0.00036 0.00038 0.00014 0.00055 0.00121
0.00051 0.00006 0.00036 0.00112 0.00106




0.00021 0.00044 0.00109 0.00094 0.00096
0.00086 0.00246 0.00096 0.00690 0.00668
0.00128 0.00128 0.00353 0.00107 0.00438
0.00380 0.00016 0.00123 0.00171 0.00315














Gradient of 1-1010 
0.00128 0.00002 0.00067 0.00158 0.00262
0.00100 0.00001 0.00089 0.00101 0.00277
0.00056 0.00033 0.00020 0.00086 0.00017




0.00012 0.00086 0.00116 0.00070 0.00243
0.00097 0.00100 0.00099 0.00277 0.00301
0.00012 0.00036 0.00019 0.00123 0.00091
0.00030 0.00008 0.00018 0.00102 0.00104




0.00037 0.00115 0.00134 0.00074 0.00094
0.00257 0.00310 0.00059 0.00786 0.01176
0.00150 0.00182 0.00567 0.00070 0.00364
0.00139 0.00513 0.00128 0.00241 0.00422




0.00417 0.00059 0.00134 0.01150 0.00235
 
 
Gradient of 1-1011 
0.00074 0.00002 0.00116 0.00094 0.00306
0.00087 0.00018 0.00109 0.00057 0.00306
0.00138 0.00054 0.00059 0.00066 0.00021




0.00016 0.00054 0.00139 0.00068 0.00295
0.00097 0.00087 0.00133 0.00306 0.00246
0.00026 0.00032 0.00030 0.00143 0.00057
0.00040 0.00008 0.00008 0.00104 0.00078




0.00016 0.00104 0.00148 0.00097 0.00090
0.00214 0.00572 0.00342 0.00364 0.01358
0.00235 0.00166 0.00695 0.00385 0.00556
0.00203 0.00128 0.00016 0.00310 0.00053














Gradient of 1-1012 
0.00031 0.00013 0.00085 0.00072 0.00201
0.00128 0.00080 0.00042 0.00005 0.00212
0.00078 0.00017 0.00004 0.00083 0.00070




0.00027 0.00061 0.00108 0.00097 0.00243
0.00057 0.00128 0.00217 0.00212 0.00207
0.00013 0.00024 0.00009 0.00065 0.00020
0.00027 0.00009 0.00055 0.00078 0.00088




0.00004 0.00110 0.00107 0.00055 0.00032
0.00128 0.00150 0.00422 0.01155 0.00561
0.00096 0.00123 0.00679 0.01112 0.00652
0.00545 0.00433 0.00075 0.00134 0.00128




0.00283 0.00112 0.00198 0.00749 0.00283
 
 
Gradient of 1-1013 
0.00048 0.00023 0.00031 0.00082 0.00110
0.00108 0.00084 0.00005 0.00056 0.00117
0.00064 0.00014 0.00010 0.00062 0.00044




0.00035 0.00062 0.00066 0.00075 0.00168
0.00081 0.00108 0.00248 0.00117 0.00135
0.00009 0.00008 0.00000 0.00033 0.00020
0.00039 0.00006 0.00078 0.00027 0.00054




0.00004 0.00120 0.00092 0.00064 0.00027
0.00064 0.00422 0.00053 0.00620 0.00305
0.00422 0.00642 0.00599 0.00385 0.00759
0.00080 0.00086 0.00016 0.00021 0.00759














Gradient of TM07 
 
Gradient of 2C-003 
0.00023 0.00265 0.00000 0.00238 0.00024
0.00438 0.00281 0.00052 0.00094 0.00334
0.00440 0.00307 0.00166 0.00003 0.00109




0.00057 0.00014 0.00005 0.00023 0.00047
0.00883 0.00438 0.00321 0.00334 0.00508
0.00312 0.00209 0.00260 0.00043 0.00019
0.00301 0.00104 0.00119 0.00126 0.00249




0.00281 0.00230 0.00083 0.00083 0.00010
0.00374 0.00267 0.01315 0.00214 0.00856
0.02534 0.01839 0.01807 0.01187 0.00995
0.03176 0.01102 0.00909 0.01508 0.01069




0.00717 0.01700 0.01016 0.00834 0.00952
 
      
Gradient of 2C-004 
0.00023 0.00040 0.00002 0.00020 0.00018
0.00156 0.00031 0.00028 0.00035 0.00101
0.00094 0.00096 0.00017 0.00007 0.00128




0.00144 0.00013 0.00037 0.00003 0.00071
0.00215 0.00156 0.00153 0.00101 0.00084
0.00119 0.00035 0.00017 0.00055 0.00009
0.00060 0.00042 0.00043 0.00005 0.00025




0.00094 0.00072 0.00068 0.00091 0.00034
0.00182 0.00053 0.02727 0.00000 0.00107
0.04620 0.02272 0.01604 0.01075 0.01609
0.03320 0.02059 0.00535 0.00037 0.00455
















Gradient of 2C-005 
0.00032 0.00018 0.00004 0.00003 0.00024
0.00052 0.00025 0.00050 0.00093 0.00152
0.00091 0.00020 0.00012 0.00004 0.00115




0.00153 0.00086 0.00038 0.00076 0.00077
0.00099 0.00052 0.00048 0.00152 0.00234
0.00015 0.00030 0.00017 0.00046 0.00010
0.00018 0.00028 0.00022 0.00040 0.00095




0.00063 0.00107 0.00092 0.00072 0.00044
0.00032 0.00043 0.00123 0.00374 0.00091
0.00337 0.00529 0.00385 0.00567 0.01519
0.01064 0.00182 0.01037 0.00455 0.00086




0.00037 0.00032 0.00893 0.00166 0.00235
 
 
Gradient of 2C-006 
0.00030 0.00027 0.00026 0.00001 0.00082
0.00066 0.00035 0.00065 0.00127 0.00197
0.00124 0.00082 0.00040 0.00074 0.00205




0.00150 0.00085 0.00025 0.00059 0.00099
0.00158 0.00066 0.00088 0.00197 0.00342
0.00026 0.00047 0.00081 0.00062 0.00009
0.00016 0.00036 0.00005 0.00057 0.00145




0.00125 0.00138 0.00078 0.00083 0.00052
0.00075 0.00037 0.00043 0.00011 0.00032
0.00706 0.00075 0.00005 0.00032 0.00610
0.00209 0.00305 0.00946 0.00144 0.00235


















Gradient of 2C-007 
0.00038 0.00015 0.00008 0.00004 0.00022
0.00039 0.00085 0.00054 0.00144 0.00146
0.00143 0.00083 0.00001 0.00064 0.00140




0.00133 0.00024 0.00005 0.00054 0.00123
0.00219 0.00039 0.00049 0.00146 0.00338
0.00026 0.00052 0.00094 0.00059 0.00033
0.00069 0.00025 0.00012 0.00050 0.00153




0.00358 0.00088 0.00074 0.00045 0.00033
0.00059 0.00176 0.00027 0.00438 0.00438
0.00428 0.00128 0.00086 0.00406 0.00455
0.00059 0.00225 0.00487 0.00700 0.00102




0.00032 0.00348 0.00802 0.00059 0.00422
 
 
Gradient of 2C-008 
0.00060 0.00024 0.00026 0.00041 0.00007
0.00088 0.00079 0.00020 0.00096 0.00128
0.00163 0.00046 0.00038 0.00041 0.00086




0.00091 0.00015 0.00001 0.00026 0.00089
0.00231 0.00088 0.00074 0.00128 0.00265
0.00016 0.00051 0.00038 0.00039 0.00037
0.00006 0.00014 0.00010 0.00043 0.00123




0.00218 0.00060 0.00054 0.00042 0.00018
0.00070 0.00064 0.00011 0.00096 0.00283
0.00390 0.00246 0.00171 0.00139 0.01011
0.00005 0.00449 0.00214 0.00294 0.00545


















Gradient of 2C-009 
0.00049 0.00020 0.00022 0.00027 0.00005
0.00081 0.00104 0.00021 0.00044 0.00123
0.00219 0.00064 0.00064 0.00092 0.00090




0.00098 0.00032 0.00025 0.00022 0.00047
0.00285 0.00081 0.00078 0.00123 0.00166
0.00032 0.00085 0.00076 0.00042 0.00011
0.00084 0.00009 0.00005 0.00006 0.00059




0.00117 0.00098 0.00068 0.00110 0.00048
0.00032 0.00267 0.00005 0.00182 0.00048
0.00032 0.00337 0.00294 0.00166 0.00872
0.00144 0.00086 0.00198 0.00080 0.00214




0.00460 0.00374 0.00433 0.00171 0.00267
 
 
Gradient of 2C-010 
0.00015 0.00027 0.00012 0.00037 0.00038
0.00031 0.00101 0.00035 0.00047 0.00100
0.00177 0.00075 0.00039 0.00076 0.00100




0.00154 0.00061 0.00047 0.00012 0.00060
0.00225 0.00031 0.00024 0.00100 0.00117
0.00006 0.00081 0.00054 0.00031 0.00015
0.00085 0.00043 0.00003 0.00015 0.00031




0.00054 0.00116 0.00017 0.00129 0.00054
0.00102 0.00053 0.00080 0.00283 0.00257
0.00759 0.00294 0.00438 0.00075 0.00337
0.00246 0.00481 0.00123 0.00219 0.00005


















Gradient of 2C-011 
0.00040 0.00005 0.00007 0.00002 0.00054
0.00031 0.00076 0.00039 0.00053 0.00110
0.00137 0.00095 0.00042 0.00103 0.00053




0.00110 0.00073 0.00005 0.00002 0.00100
0.00156 0.00031 0.00004 0.00110 0.00109
0.00003 0.00049 0.00094 0.00000 0.00011
0.00063 0.00036 0.00019 0.00015 0.00022




0.00031 0.00103 0.00042 0.00140 0.00065
0.00262 0.00214 0.00449 0.00203 0.00075
0.00535 0.00064 0.00086 0.00123 0.00294
0.00187 0.00166 0.00722 0.00219 0.00070




0.00192 0.00610 0.00064 0.00176 0.00059
 
 
Gradient of 2C-012 
0.00051 0.00033 0.00011 0.00005 0.00073
0.00042 0.00063 0.00019 0.00029 0.00079
0.00149 0.00152 0.00043 0.00143 0.00063




0.00051 0.00050 0.00010 0.00002 0.00030
0.00134 0.00042 0.00009 0.00079 0.00067
0.00032 0.00049 0.00153 0.00005 0.00015
0.00033 0.00018 0.00052 0.00071 0.00010




0.00068 0.00078 0.00113 0.00222 0.00048
0.01449 0.00032 0.00139 0.00080 0.00337
0.00412 0.00070 0.00021 0.00059 0.00150
0.00203 0.00283 0.00086 0.00182 0.00102


















Gradient of TM08 
 
 Gradient of 11-1C004 
0.00161 0.00084 0.00072 0.00071 0.00017
0.00005 0.00000 0.00007 0.00004 0.00019
0.00048 0.00011 0.00019 0.00102 0.00010




0.00012 0.00005 0.00005 0.00012 0.00002
0.00005 0.00005 0.00005 0.00019 0.00014
0.00011 0.00056 0.00084 0.00004 0.00089
0.00003 0.00001 0.00001 0.00015 0.00052




0.00000 0.00003 0.00004 0.00050 0.00117
0.00834 0.00652 0.00150 0.00310 0.01529
0.00053 0.00043 0.00000 0.00727 0.00770
0.00000 0.00353 0.00749 0.00588 0.02567








  Gradient of 11-1C005 
0.00055 0.00029 0.00015 0.00059 0.00026
0.00004 0.00002 0.00029 0.00033 0.00062
0.00030 0.00032 0.00010 0.00077 0.00050




0.00015 0.00063 0.00002 0.00060 0.00011
0.00005 0.00004 0.00000 0.00062 0.00065
0.00035 0.00013 0.00025 0.00012 0.00044
0.00003 0.00000 0.00005 0.00028 0.00057




0.00010 0.00004 0.00011 0.00118 0.00179
0.00487 0.00856 0.00684 0.00332 0.00700
0.00096 0.00155 0.00027 0.00230 0.00428
0.00048 0.00059 0.00064 0.00144 0.00166















 Gradient of 11-1C006 
0.00015 0.00016 0.00029 0.00046 0.00074
0.00031 0.00010 0.00014 0.00043 0.00058
0.00038 0.00002 0.00002 0.00093 0.00035




0.00000 0.00051 0.00005 0.00006 0.00011
0.00022 0.00031 0.00001 0.00058 0.00086
0.00049 0.00011 0.00031 0.00020 0.00016
0.00003 0.00015 0.00008 0.00028 0.00042




0.00028 0.00000 0.00016 0.00113 0.00171
0.00160 0.00241 0.00283 0.01321 0.00053
0.00016 0.00225 0.00080 0.00112 0.00155
0.00118 0.00043 0.00321 0.00000 0.00294




0.00053 0.00005 0.00642 0.00112 0.00572
 
 
Gradient of 11-1C007 
0.00015 0.00009 0.00118 0.00039 0.00251
0.00042 0.00006 0.00020 0.00039 0.00081
0.00037 0.00005 0.00006 0.00129 0.00050




0.00016 0.00013 0.00007 0.00043 0.00030
0.00002 0.00042 0.00014 0.00081 0.00092
0.00012 0.00011 0.00026 0.00100 0.00064
0.00010 0.00021 0.00009 0.00070 0.00072




0.00023 0.00000 0.00031 0.00222 0.00236
0.00203 0.00059 0.00037 0.01770 0.00011
0.00080 0.00342 0.00315 0.00198 0.00225
0.00246 0.00091 0.00166 0.00123 0.00214

















Gradient of 11-1C008 
0.00005 0.00002 0.00184 0.00049 0.00374
0.00089 0.00023 0.00001 0.00035 0.00092
0.00054 0.00005 0.00001 0.00097 0.00055




0.00025 0.00002 0.00002 0.00154 0.00030
0.00008 0.00089 0.00054 0.00092 0.00124
0.00010 0.00024 0.00014 0.00159 0.00035
0.00009 0.00044 0.00020 0.00127 0.00138




0.00026 0.00000 0.00015 0.00346 0.00400
0.00246 0.00118 0.00123 0.00273 0.00246
0.00048 0.00139 0.00209 0.00107 0.01011
0.00043 0.00021 0.00144 0.00064 0.00658




0.00070 0.00021 0.00193 0.00267 0.01310
 
 
Gradient of 11-1C009 
0.00035 0.00002 0.00131 0.00049 0.00297
0.00065 0.00020 0.00017 0.00107 0.00099
0.00034 0.00010 0.00014 0.00173 0.00061




0.00013 0.00002 0.00031 0.00171 0.00075
0.00010 0.00065 0.00049 0.00099 0.00263
0.00036 0.00000 0.00024 0.00118 0.00099
0.00000 0.00032 0.00024 0.00173 0.00088




0.00010 0.00002 0.00002 0.00444 0.00439
0.00107 0.00481 0.00513 0.00791 0.00043
0.00182 0.00021 0.00326 0.00032 0.01219
0.00080 0.00128 0.00005 0.00134 0.01358

















Gradient of 11-1C010 
0.00087 0.00051 0.00076 0.00009 0.00240
0.00085 0.00035 0.00000 0.00111 0.00086
0.00032 0.00002 0.00023 0.00212 0.00078




0.00008 0.00002 0.00069 0.00153 0.00147
0.00039 0.00085 0.00110 0.00086 0.00331
0.00008 0.00028 0.00057 0.00081 0.00147
0.00001 0.00041 0.00050 0.00194 0.00084




0.00037 0.00004 0.00009 0.00475 0.00500
0.00251 0.00551 0.00529 0.00257 0.00134
0.00123 0.00139 0.00610 0.00626 0.00497
0.00342 0.00059 0.00182 0.00572 0.00401




0.00043 0.00032 0.00027 0.00872 0.00545
 
 
Gradient of 11-1C011 
0.00128 0.00064 0.00063 0.00007 0.00253 
0.00089 0.00061 0.00058 0.00098 0.00205 
0.00024 0.00003 0.00067 0.00192 0.00158 




0.00007 0.00004 0.00108 0.00127 0.00223 
0.00031 0.00089 0.00153 0.00205 0.00348 
0.00014 0.00052 0.00054 0.00048 0.00145 
0.00013 0.00044 0.00068 0.00099 0.00123 




0.00057 0.00001 0.00017 0.00402 0.00594 
0.00214 0.00102 0.00155 0.00070 0.00481 
0.00155 0.00096 0.00294 0.01781 0.00631 
0.00225 0.00134 0.00241 0.00567 0.00241 


















Gradient of 11-1C012 
0.00104 0.00046 0.00062 0.00045 0.00228 
0.00069 0.00074 0.00160 0.00139 0.00389 
0.00009 0.00004 0.00083 0.00212 0.00174 




0.00013 0.00000 0.00075 0.00095 0.00163 
0.00013 0.00069 0.00160 0.00389 0.00439 
0.00007 0.00048 0.00049 0.00027 0.00208 
0.00028 0.00027 0.00079 0.00027 0.00049 




0.00069 0.00015 0.00001 0.00443 0.00537 
0.00364 0.00433 0.00198 0.00433 0.00663 
0.00053 0.00519 0.00342 0.00861 0.01353 
0.00283 0.00005 0.00658 0.00738 0.00027 




0.00011 0.00123 0.00064 0.00011 0.00086 
 
 
Gradient of 11-1C013 
0.00054 0.00017 0.00136 0.00046 0.00327
0.00001 0.00027 0.00175 0.00242 0.00351
0.00025 0.00077 0.00129 0.00138 0.00283




0.00028 0.00001 0.00097 0.00114 0.00222
0.00040 0.00001 0.00094 0.00351 0.00577
0.00041 0.00015 0.00019 0.00022 0.00203
0.00028 0.00000 0.00036 0.00121 0.00016




0.00096 0.00002 0.00023 0.00594 0.00609
0.00529 0.00273 0.00460 0.00460 0.00086
0.00283 0.00396 0.00262 0.00594 0.00588
0.00444 0.00096 0.00417 0.01283 0.00241


















Gradient of TM09 
 
Gradient of 11-2C004 
0.00060 0.00001 0.00011 0.00001 0.00038
0.00200 0.00018 0.00040 0.00033 0.00119
0.00023 0.00009 0.00042 0.00003 0.00106




0.00000 0.00045 0.00023 0.00010 0.00045
0.00043 0.00200 0.00079 0.00119 0.00013
0.00011 0.00019 0.00001 0.00034 0.00002
0.00009 0.00080 0.00014 0.00057 0.00004




0.00025 0.00039 0.00052 0.00005 0.00005
0.00882 0.00770 0.00134 0.00540 0.00754
0.00663 0.03096 0.00920 0.00754 0.00032
0.02481 0.02294 0.00176 0.00690 0.00540




0.04903 0.02989 0.00128 0.04310 0.02246
 
 
Gradient of 11-2C005 
0.00143 0.00009 0.00009 0.00005 0.00125 
0.00041 0.00047 0.00025 0.00068 0.00092 
0.00050 0.00068 0.00084 0.00003 0.00219 




0.00005 0.00005 0.00085 0.00026 0.00175 
0.00065 0.00041 0.00159 0.00092 0.00024 
0.00047 0.00046 0.00012 0.00047 0.00015 
0.00003 0.00020 0.00034 0.00003 0.00008 




0.00072 0.00080 0.00091 0.00098 0.00040 
0.00246 0.00348 0.00577 0.00973 0.00412 
0.00487 0.00684 0.00802 0.00160 0.00182 
0.00481 0.00139 0.00358 0.00289 0.00102 
















Gradient of 11-2C006 
0.00119 0.00030 0.00042 0.00013 0.00203 
0.00084 0.00045 0.00031 0.00086 0.00146 
0.00046 0.00019 0.00005 0.00025 0.00057 




0.00007 0.00016 0.00075 0.00011 0.00157 
0.00125 0.00084 0.00215 0.00146 0.00044 
0.00031 0.00036 0.00017 0.00073 0.00029 
0.00031 0.00005 0.00034 0.00019 0.00016 




0.00063 0.00094 0.00148 0.00108 0.00076 
0.00187 0.00021 0.00053 0.00658 0.00487 
0.00535 0.00203 0.00021 0.00166 0.00091 
0.00144 0.00198 0.00513 0.00866 0.00214 




0.00861 0.00134 0.00144 0.00348 0.00134 
 
 
Gradient of 11-2C007 
0.00146 0.00020 0.00045 0.00042 0.00237 
0.00075 0.00000 0.00022 0.00058 0.00120 
0.00084 0.00012 0.00006 0.00023 0.00072 




0.00028 0.00066 0.00044 0.00003 0.00116 
0.00156 0.00075 0.00155 0.00120 0.00039 
0.00019 0.00031 0.00027 0.00083 0.00038 
0.00039 0.00020 0.00002 0.00006 0.00036 




0.00077 0.00116 0.00151 0.00133 0.00111 
0.00422 0.00642 0.00503 0.01192 0.00241 
0.00043 0.00091 0.00904 0.00567 0.00086 
0.00080 0.00150 0.00337 0.00086 0.00075 



















Gradient of 11-2C008 
0.00228 0.00049 0.00089 0.00050 0.00406 
0.00068 0.00028 0.00087 0.00016 0.00242 
0.00072 0.00016 0.00000 0.00047 0.00072 




0.00089 0.00122 0.00134 0.00025 0.00358 
0.00118 0.00068 0.00062 0.00242 0.00029 
0.00011 0.00078 0.00054 0.00167 0.00043 
0.00006 0.00043 0.00064 0.00051 0.00046 




0.00105 0.00153 0.00189 0.00141 0.00121 
0.00080 0.00230 0.00021 0.01144 0.00069 
0.00053 0.00080 0.00551 0.01770 0.00032 
0.00235 0.00620 0.00754 0.00866 0.00043 




0.01208 0.00492 0.00048 0.01118 0.00086 
 
 
Gradient of 11-2C009 
0.00185 0.00029 0.00123 0.00050 0.00431 
0.00062 0.00052 0.00179 0.00014 0.00420 
0.00189 0.00072 0.00015 0.00090 0.00219 




0.00112 0.00165 0.00097 0.00009 0.00306 
0.00165 0.00062 0.00062 0.00420 0.00034 
0.00008 0.00002 0.00093 0.00106 0.00047 
0.00012 0.00120 0.00043 0.00184 0.00021 




0.00142 0.00302 0.00148 0.00052 0.00076 
0.00086 0.00278 0.00139 0.00027 0.00273 
0.00700 0.00102 0.00305 0.01775 0.00102 
0.00193 0.01561 0.01075 0.01834 0.00037 



















Gradient of 11-2C010 
0.00181 0.00030 0.00110 0.00015 0.00401
0.00085 0.00062 0.00229 0.00034 0.00544
0.00337 0.00124 0.00023 0.00141 0.00383




0.00083 0.00142 0.00133 0.00054 0.00350
0.00237 0.00085 0.00113 0.00544 0.00046
0.00020 0.00078 0.00133 0.00009 0.00023
0.00001 0.00126 0.00009 0.00222 0.00027




0.00234 0.00337 0.00095 0.00101 0.00100
0.00176 0.00711 0.01150 0.00957 0.00535
0.00166 0.00257 0.00492 0.00070 0.00053
0.00273 0.00775 0.01401 0.01085 0.00032




0.00267 0.00551 0.00925 0.00037 0.00123
 
 
Gradient of 11-2C011 
0.00306 0.00084 0.00019 0.00093 0.00269 
0.00105 0.00024 0.00163 0.00060 0.00432 
0.00321 0.00214 0.00041 0.00207 0.00403 




0.00205 0.00109 0.00047 0.00077 0.00300 
0.00193 0.00105 0.00145 0.00432 0.00025 
0.00016 0.00007 0.00114 0.00067 0.00001 
0.00005 0.00159 0.00016 0.00096 0.00040 




0.00203 0.00424 0.00113 0.00240 0.00104 
0.00235 0.00995 0.01503 0.01235 0.00305 
0.00529 0.00144 0.00594 0.00861 0.00150 
0.00016 0.00182 0.01043 0.00337 0.00112 



















Gradient of 11-2C012 
0.00350 0.00118 0.00079 0.00138 0.00192
0.00110 0.00034 0.00144 0.00097 0.00398
0.00306 0.00211 0.00010 0.00220 0.00326




0.00290 0.00074 0.00041 0.00081 0.00371
0.00147 0.00110 0.00214 0.00398 0.00021
0.00001 0.00022 0.00094 0.00067 0.00013
0.00042 0.00148 0.00022 0.00069 0.00063




0.00231 0.00407 0.00170 0.00259 0.00147
0.00230 0.00182 0.00241 0.00930 0.00032
0.00797 0.00583 0.00187 0.00749 0.00032
0.00112 0.00444 0.00315 0.01134 0.00016




0.00449 0.01203 0.00449 0.00032 0.00267
 
 
Gradient of 11-2C013 
0.00337 0.00044 0.00113 0.00075 0.00111 
0.00204 0.00059 0.00050 0.00079 0.00305 
0.00245 0.00178 0.00017 0.00181 0.00211 




0.00409 0.00109 0.00058 0.00061 0.00294 
0.00058 0.00204 0.00177 0.00305 0.00019 
0.00026 0.00046 0.00108 0.00050 0.00002 
0.00017 0.00158 0.00038 0.00009 0.00150 




0.00092 0.00521 0.00252 0.00287 0.00319 
0.00176 0.00118 0.01273 0.00497 0.00091 
0.00139 0.00904 0.00011 0.00759 0.00118 
0.00144 0.01059 0.00214 0.01219 0.00155 



















Gradient of TM10 
 
Gradient of 24F6004 
0.00273 0.00067 0.00013 0.00015 0.00300
0.00202 0.00009 0.00084 0.00081 0.00034
0.00158 0.00036 0.00015 0.00048 0.00127




0.00196 0.00239 0.00004 0.00215 0.00189
0.00370 0.00202 0.00353 0.00034 0.00191
0.00084 0.00058 0.00018 0.00086 0.00081
0.00117 0.00042 0.00021 0.00146 0.00016




0.00137 0.00286 0.00396 0.00325 0.00222
0.04042 0.02492 0.03422 0.03016 0.01797
0.04427 0.02246 0.03861 0.01016 0.01871
0.01358 0.03048 0.02599 0.01615 0.03187




0.02599 0.02353 0.04406 0.01251 0.03144
 
 
Gradient of 24F6005 
0.00212 0.00026 0.00022 0.00069 0.00256
0.00191 0.00024 0.00052 0.00084 0.00086
0.00259 0.00053 0.00061 0.00025 0.00137




0.00200 0.00077 0.00047 0.00054 0.00106
0.00376 0.00191 0.00328 0.00086 0.00159
0.00114 0.00024 0.00035 0.00059 0.00059
0.00113 0.00007 0.00012 0.00146 0.00116




0.00149 0.00176 0.00352 0.00378 0.00391
0.00690 0.00716 0.00781 0.00021 0.00107
0.00449 0.00861 0.00107 0.01053 0.00283
0.00717 0.00513 0.00246 0.00438 0.00556
















Gradient of 24F6006 
0.00395 0.00059 0.00046 0.00073 0.00303
0.00349 0.00038 0.00068 0.00066 0.00212
0.00245 0.00046 0.00022 0.00021 0.00202




0.00209 0.00063 0.00033 0.00004 0.00275
0.00447 0.00349 0.00371 0.00212 0.00239
0.00082 0.00075 0.00069 0.00051 0.00025
0.00105 0.00109 0.00026 0.00006 0.00120




0.00236 0.00130 0.00320 0.00225 0.00479
0.00048 0.02144 0.00679 0.00898 0.00668
0.00535 0.01887 0.00738 0.01289 0.00829
0.01668 0.00011 0.00086 0.00631 0.00182




0.00856 0.00700 0.00775 0.01080 0.00561
 
 
Gradient of 24F6007 
0.00576 0.00088 0.00084 0.00045 0.00409
0.00511 0.00007 0.00103 0.00077 0.00305
0.00261 0.00082 0.00008 0.00033 0.00244




0.00319 0.00062 0.00015 0.00035 0.00290
0.00467 0.00511 0.00453 0.00305 0.00300
0.00024 0.00158 0.00030 0.00082 0.00018
0.00027 0.00174 0.00089 0.00099 0.00148




0.00413 0.00163 0.00276 0.00107 0.00595
0.00893 0.01123 0.00877 0.01658 0.01208
0.00786 0.01005 0.00406 0.01331 0.00556
0.01043 0.00080 0.01465 0.01000 0.01091


















Gradient of 24F6008 
0.00586 0.00058 0.00000 0.00104 0.00585
0.00519 0.00064 0.00040 0.00054 0.00439
0.00259 0.00010 0.00056 0.00010 0.00371




0.00348 0.00104 0.00026 0.00004 0.00296
0.00313 0.00519 0.00440 0.00439 0.00333
0.00082 0.00163 0.00130 0.00107 0.00015
0.00114 0.00173 0.00144 0.00152 0.00012




0.00541 0.00173 0.00153 0.00135 0.00357
0.00615 0.00182 0.00273 0.01968 0.01257
0.01283 0.00123 0.00989 0.00930 0.00567
0.00406 0.00369 0.00952 0.00914 0.00807




0.00257 0.00428 0.00577 0.00209 0.00342
 
 
Gradient of 24F6009 
0.00545 0.00059 0.00099 0.00175 0.00743
0.00532 0.00186 0.00035 0.00113 0.00463
0.00323 0.00035 0.00038 0.00021 0.00400




0.00246 0.00009 0.00039 0.00055 0.00325
0.00249 0.00532 0.00621 0.00463 0.00396
0.00110 0.00111 0.00134 0.00172 0.00020
0.00110 0.00142 0.00280 0.00155 0.00076




0.00469 0.00249 0.00062 0.00153 0.00243
0.00588 0.01160 0.00326 0.01032 0.01059
0.00674 0.00166 0.00973 0.00075 0.00471
0.00043 0.00257 0.01192 0.00005 0.00209


















Gradient of 24F6010 
0.00389 0.00135 0.00186 0.00222 0.00760
0.00491 0.00203 0.00033 0.00096 0.00426
0.00302 0.00108 0.00034 0.00109 0.00370




0.00218 0.00134 0.00018 0.00119 0.00254
0.00199 0.00491 0.00606 0.00426 0.00413
0.00029 0.00043 0.00056 0.00195 0.00057
0.00144 0.00131 0.00233 0.00159 0.00073




0.00488 0.00229 0.00139 0.00108 0.00268
0.00123 0.00984 0.00257 0.00882 0.00086
0.00278 0.00139 0.00866 0.00807 0.00225
0.00380 0.00626 0.01128 0.01128 0.00064




0.00449 0.00658 0.01214 0.00444 0.00037
 
 
Gradient of 24F6011 
0.00378 0.00048 0.00108 0.00161 0.00593
0.00556 0.00136 0.00022 0.00020 0.00600
0.00429 0.00163 0.00081 0.00122 0.00591




0.00358 0.00150 0.00054 0.00155 0.00250
0.00202 0.00556 0.00474 0.00600 0.00434
0.00132 0.00026 0.00016 0.00001 0.00022
0.00108 0.00229 0.00122 0.00268 0.00038




0.00418 0.00097 0.00231 0.00064 0.00358
0.00556 0.00936 0.00759 0.01048 0.00406
0.00727 0.00513 0.00717 0.01027 0.00321
0.01246 0.01294 0.00781 0.00882 0.00856



















Gradient of 24F6012 
0.00230 0.00024 0.00176 0.00192 0.00582
0.00404 0.00081 0.00098 0.00063 0.00600
0.00522 0.00147 0.00001 0.00115 0.00520




0.00414 0.00197 0.00036 0.00225 0.00342
0.00322 0.00404 0.00484 0.00600 0.00359
0.00182 0.00146 0.00058 0.00031 0.00019
0.00009 0.00147 0.00154 0.00258 0.00008




0.00340 0.00110 0.00176 0.00084 0.00342
0.00545 0.00444 0.01005 0.00631 0.00519
0.02663 0.01337 0.00342 0.01128 0.00786
0.01679 0.00567 0.01577 0.01454 0.00823




0.01380 0.00412 0.00481 0.01642 0.00107
 
 
Gradient of 24F6013 
0.00302 0.00009 0.00092 0.00119 0.00486
0.00329 0.00119 0.00040 0.00058 0.00409
0.00526 0.00172 0.00091 0.00058 0.00344




0.00288 0.00074 0.00120 0.00187 0.00528
0.00654 0.00329 0.00416 0.00409 0.00301
0.00228 0.00112 0.00065 0.00071 0.00004
0.00155 0.00126 0.00071 0.00117 0.00003




0.00343 0.00076 0.00274 0.00174 0.00306
0.01374 0.00620 0.01064 0.02107 0.01214
0.03903 0.00086 0.00380 0.02438 0.00262
0.01021 0.00353 0.00802 0.01187 0.00829



















Gradient of TM11 
 
Gradient of 24F1006 
0.00343 0.00077 0.00025 0.00100 0.00393
0.00098 0.00062 0.00220 0.00120 0.00538
0.00220 0.00300 0.00044 0.00239 0.00309




0.00444 0.00210 0.00074 0.00124 0.00295
0.00388 0.00098 0.00263 0.00538 0.00504
0.00163 0.00062 0.00059 0.00042 0.00080
0.00091 0.00260 0.00044 0.00054 0.00103




0.00205 0.00618 0.00351 0.00646 0.00299
0.04459 0.04898 0.05133 0.03037 0.05625
0.05700 0.01626 0.02780 0.05368 0.05903
0.01786 0.03390 0.08502 0.03240 0.01615




0.08459 0.04352 0.05048 0.03240 0.05037
 
 
Gradient of 24F1007 
0.00416 0.00029 0.00079 0.00021 0.00258
0.00138 0.00124 0.00159 0.00133 0.00456
0.00288 0.00285 0.00006 0.00292 0.00275




0.00370 0.00145 0.00047 0.00000 0.00275
0.00484 0.00138 0.00236 0.00456 0.00501
0.00113 0.00064 0.00143 0.00009 0.00170
0.00070 0.00326 0.00045 0.00009 0.00067




0.00344 0.00790 0.00327 0.00438 0.00368
0.00449 0.01016 0.01839 0.00695 0.00577
0.01363 0.01347 0.00193 0.00882 0.00166
0.01631 0.00374 0.00257 0.00011 0.00326
















Gradient of 24F1008 
0.00516 0.00118 0.00120 0.00105 0.00275
0.00327 0.00162 0.00031 0.00090 0.00389
0.00283 0.00139 0.00014 0.00190 0.00311




0.00388 0.00083 0.00040 0.00028 0.00308
0.00619 0.00327 0.00296 0.00389 0.00476
0.00063 0.00116 0.00194 0.00018 0.00101
0.00159 0.00163 0.00025 0.00012 0.00038




0.00301 0.00652 0.00346 0.00365 0.00552
0.00845 0.00754 0.01208 0.00011 0.00246
0.00781 0.02283 0.00481 0.00401 0.00241
0.01091 0.00209 0.01380 0.00626 0.01235




0.01321 0.00663 0.00091 0.00406 0.01101
 
 
Gradient of 24F1009 
0.00544 0.00146 0.00142 0.00103 0.00260
0.00526 0.00149 0.00069 0.00112 0.00388
0.00252 0.00075 0.00064 0.00070 0.00381




0.00257 0.00025 0.00044 0.00085 0.00344
0.00617 0.00526 0.00318 0.00388 0.00542
0.00093 0.00146 0.00128 0.00061 0.00044
0.00172 0.00077 0.00120 0.00048 0.00071




0.00273 0.00371 0.00558 0.00291 0.00684
0.00839 0.00219 0.00588 0.00134 0.00936
0.00481 0.01871 0.00075 0.00337 0.00455
0.00995 0.00310 0.00877 0.00952 0.00941



















Gradient of 24F1010 
0.00479 0.00096 0.00090 0.00076 0.00298
0.00645 0.00127 0.00099 0.00135 0.00446
0.00336 0.00149 0.00068 0.00035 0.00472




0.00169 0.00053 0.00084 0.00064 0.00338
0.00538 0.00645 0.00283 0.00446 0.00553
0.00076 0.00071 0.00169 0.00087 0.00058
0.00119 0.00167 0.00097 0.00079 0.00090




0.00299 0.00311 0.00478 0.00287 0.00733
0.00936 0.00417 0.00358 0.01048 0.01337
0.01315 0.00604 0.00091 0.00203 0.00658
0.01016 0.01994 0.00283 0.00497 0.01016




0.00198 0.00930 0.00032 0.00567 0.02256
 
 
Gradient of 24F1011 
0.00473 0.00097 0.00018 0.00020 0.00438
0.00628 0.00030 0.00103 0.00160 0.00422
0.00591 0.00186 0.00063 0.00008 0.00466




0.00099 0.00011 0.00171 0.00104 0.00440
0.00393 0.00628 0.00333 0.00422 0.00654
0.00099 0.00059 0.00183 0.00014 0.00155
0.00083 0.00191 0.00008 0.00043 0.00017




0.00227 0.00246 0.00349 0.00336 0.00687
0.00011 0.00551 0.00412 0.00043 0.00882
0.01401 0.01101 0.00310 0.00107 0.00321
0.00594 0.03673 0.00235 0.00952 0.00588



















Gradient of 24F1012 
0.00572 0.00130 0.00141 0.00036 0.00291
0.00458 0.00035 0.00003 0.00188 0.00464
0.00960 0.00220 0.00163 0.00005 0.00634




0.00200 0.00050 0.00221 0.00031 0.00641
0.00300 0.00458 0.00231 0.00464 0.00607
0.00126 0.00194 0.00224 0.00172 0.00183
0.00092 0.00127 0.00064 0.00088 0.00004




0.00116 0.00204 0.00359 0.00288 0.00599
0.01128 0.00198 0.00225 0.01438 0.00385
0.00064 0.02208 0.00620 0.00064 0.00091
0.00182 0.02385 0.00636 0.01615 0.00775




0.00417 0.01155 0.01214 0.02422 0.01101
 
 
Gradient of 24F1013 
0.00439 0.00173 0.00123 0.00033 0.00193
0.00253 0.00077 0.00090 0.00205 0.00433
0.00996 0.00255 0.00128 0.00128 0.00740




0.00295 0.00079 0.00278 0.00093 0.00852
0.00382 0.00253 0.00228 0.00433 0.00638
0.00211 0.00278 0.00218 0.00273 0.00057
0.00127 0.00013 0.00155 0.00125 0.00093




0.00129 0.00280 0.00538 0.00183 0.00453
0.00374 0.00219 0.01219 0.00567 0.01497
0.00561 0.01497 0.00096 0.00417 0.01444
0.00011 0.00487 0.01118 0.00711 0.01353



















Gradient of 24F1014 
0.00609 0.00059 0.00111 0.00059 0.00387
0.00203 0.00090 0.00095 0.00074 0.00393
0.00877 0.00316 0.00182 0.00215 0.00513




0.00301 0.00009 0.00247 0.00031 0.00795
0.00395 0.00203 0.00214 0.00393 0.00362
0.00158 0.00134 0.00216 0.00063 0.00059
0.00080 0.00064 0.00097 0.00019 0.00016




0.00235 0.00331 0.00408 0.00355 0.00394
0.00487 0.01059 0.01176 0.00711 0.00615
0.00428 0.00604 0.00551 0.00011 0.02198
0.00422 0.02112 0.00577 0.00979 0.00305




0.00743 0.00037 0.00984 0.02588 0.01877
 
 
Gradient of 24F1015 
0.00619 0.00032 0.00153 0.00015 0.00314
0.00151 0.00160 0.00142 0.00065 0.00435
0.00637 0.00340 0.00032 0.00203 0.00574




0.00301 0.00058 0.00055 0.00169 0.00412
0.00455 0.00151 0.00134 0.00435 0.00265
0.00205 0.00009 0.00167 0.00130 0.00021
0.00080 0.00035 0.00039 0.00028 0.00026




0.00295 0.00220 0.00212 0.00380 0.00317
0.00053 0.01631 0.00315 0.00273 0.00080
0.00535 0.00369 0.00417 0.00973 0.00225
0.00353 0.02133 0.01813 0.00332 0.00102
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